WO 3 /ZrO 2 systems were prepared by sol-gel technique using different procedures for the solvent extraction: evaporation in vacuum at room temperature (xerogel) and extraction in supercritical conditions (aerogel). Two reactions of industrial interest were investigated under mild conditions: (i) acylation of veratrole with acetic anhydride; (ii) acylation of anisole with benzoic anhydride. Several techniques were employed in order to study the influence of the synthetic parameters on texture and catalytic activity: N 2 physisorption, Fourier transformed-infrared spectroscopy, X-ray photoelectron spectroscopy, temperature programmed reduction and temperature programmed oxidation analyses.
Introduction
Solid acid catalysts present many advantages if employed instead of traditional liquid (H 2 SO 4 , HCl...) or mineral acid (AlCl 3, BF 3 …). In particular, they possess strength and concentration of active sites that can be tailored for particular applications, they present high surface area and adsorption capacity, thermal and chemical stability and above all they are environmentally friendly.
Examples of these materials are zeolites [1] , heteropoly acids [2] , clays and metal oxides. The latest have many applications in organic synthesis either as supports for catalytically active materials or as catalysts themselves. The promotion of metal oxides (Fe 2 O 3 , TiO 2 , ZrO 2 …) with sulfated, phosphated and heteropoly-anions leads to solid acids with a wide range of strength [3] . Mixed metal oxides, with two or more components, are of significant scientific and commercial interest [3] [4] [5] . In fact these systems exhibit enhanced chemical-physical properties (higher surface area, higher pore volume, superior thermal and chemical stability) and higher catalytic activity than their individual components [6, 7] .
In this context, WO 3 /ZrO 2 (hereafter referred to as ZW) are very attractive because they display high catalytic activity and stability in processes requiring medium-high acidity or red-ox properties, such as acylation and isomerization reactions [7, 8] . Recently the catalytic activity of this system has been evaluated also in catalytic processes concerning bio diesel production, as for example in the esterification of fatty acids [9, 10] . Tungstated zirconia catalysts offer several advantages compared to sulfated zirconia catalysts, such as higher thermal stability, lower deactivation rates, easier regeneration [11, 12] . The physico-chemical properties of ZW catalysts and, in particular, their acidity strength are strictly correlated to the synthetic procedure and mainly to the relative amount of each oxide. Usually ZW materials are prepared by impregnation of zirconium oxyhydroxide with ammonium metatungstate and subsequent high temperature oxidation or by coprecipitation of the zirconium and tungsten precursors [13, 14] . Unfortunately, conventional mixed oxides synthesis techniques do not usually produce homogeneous materials with high surface area.
On the contrary, the sol-gel synthesis [15] [16] [17] [18] reduces the number of preparation steps and allows the strict control of the physico-chemical properties and of the homogeneity of the final materials.
In particular, the sol-gel method stabilizes the surface area and the pore volume of the catalysts with respect to the traditional synthetic procedures. Despite these remarkable advantages, only few investigations concerning the sol-gel preparation of ZW systems are present in literature [15, 19, 20] .
This work deals with the synthesis, the characterization and the reactivity of ZW systems obtained via sol-gel. The samples were synthesized by means of different procedures for the solvent extraction: (i) evaporation in vacuum at room temperature (xerogel) and (ii) evaporation in supercritical conditions (aerogel). In order to study the influence of the synthetic parameters on both structure and texture of the materials, different characterization techniques were employed: XPS, N 2 physisorption, FT-IR spectroscopy, TPR and TPO analyses. The catalytic behavior of the systems was investigated towards two reactions of industrial interest [21, 22] : (i) the acylation of veratrole with acetic anhydride, (ii) the acylation of anisole with benzoic anhydride.
Experimental

Synthesis of catalysts
The catalysts were synthesized by a one-step sol-gel method [15] . A commercial -zeolite (Si/Al ratio=108) was used as received as reference catalyst.
Catalysts characterization
Surface area and pore volume were obtained from N 2 adsorption-desorption isotherms at -196 °C (by means of a MICROMERITICS ASAP 2000 Analyser). Prior to N 2 physisorption experiments, all samples were outgassed at 110 °C for 2 h. Mesopores volume was measured as the adsorbed amount of N 2 after capillary condensation, while micropores volume was obtained by t-plot method. Surface area was calculated using the standard BET equation method and pore size distribution was elaborated using the BJH method applied to the isotherms adsorption branch [23] .
Temperature programmed oxidation (TPO) experiments were carried out in a lab-made equipment. In all experiments 100 mg of sample were introduced in a quartz reactor and flushed by a 5 vol % O 2 /He gas mixture (40 ml/min) at room temperature for 30 min. Then, the temperature was increased from room temperature to 450 °C with a rate of 10 °C/min and the sample was kept at this temperature for 90 min. The oxidation process was monitored by a Genesys 422 quadrupole mass analyzer (QMS).
FT-IR spectra were obtained using a BRUKER 113v spectrophotometer (4 cm -1 resolution, MCT detector). WZ-based samples were inspected in the form of thin layer depositions (~10 mg cm -2 ) on Si wafers, starting from aqueous suspensions. All samples were activated in controlled atmosphere at 300 °C in a lab-made quartz IR cell, equipped with KBr windows and characterized by a very small optical path (2 mm). The cell was connected to a high-vacuum glass line, equipped with mechanical and turbo molecular pumps (capable of a residual pressure p< 10 -5 Torr), which allows to perform strictly in situ adsorption/desorption experiments of molecular probes. The study of surface acidity was performed using as probe 2,6-dimethylpyridine (2,6-DMP). 2,6-DMP was first adsorbed/desorbed at room temperature (RT),
and then desorbed at 150 °C.
Temperature programmed reduction (TPR) experiments were carried out in a lab-made apparatus with 5 % H 2 /Ar gas mixture (40 ml/min). H 2 uptake was monitored by a Gow-Mac thermal conductivity detector (TCD). 100 mg of the sample were loaded in a quartz reactor and flushed with a mixture of H 2 (5%) /Ar from 25 to 900 °C, with a rate of 10 °C/min. The reduction process was monitored by TCD and a quadrupole mass spectrometer.
X-ray photoelectron spectra were taken in a M-probe apparatus (Surface Science Instruments).
The source was monochromatic AlK radiation (1486.6 eV). A spot size of 200 mm x 750 mm and a pass energy of 30.48 eV were used. The energy scale was calibrated with reference to the 4f7/2 level of a freshly evaporated gold sample, at 84.00  0.1 eV, and with reference to the 2p3/2 and 3s levels of copper at 932.47 0.1 and 122.39 0.15 eV, respectively. The binding energies (BE) were corrected for specimen charging by referencing the C 1s peak to 284.6 eV, and the background was subtracted using Shirley's method.
Catalytic tests
The liquid-phase acylation reactions were carried out under atmospheric pressure in a 25 mL thermostated glass batch reactor [3, 5] . The catalyst (200 mg) was activated at 450 °C in flowing air for 1.5 h and kept dry. The reactor was charged with the internal standard, the substrate (used also as solvent of reaction) , the acylating agent and then carried up at the reaction temperature.
Then the catalyst was added to the reactor. Aliquots of the reaction mixture were taken periodically after 10, 20, 30, 60, 90, 120 and 180 min, and analysed by a gas chromatography system (HPG1540A) equipped with an HP-5 column and a FID detector.
The following reagents and reaction conditions were used: For the -zeolite (Si/Al= 108) the number of active protons was taken to be equivalent to the Al content [8] and for the WZ catalysts the number of active sites was calculated from the nominal W loading on ZrO 2 .
Results and discussion
The catalytic activity in liquid phase was studied in the acylation of anisole and veratrole (Scheme 1) under mild reaction conditions. Friedel-Crafts acylation of aromatic compounds is widely used in the synthesis of aromatic ketones, that are important intermediates for the production of pharmaceuticals, dyes, agrochemicals and fragrances. In particular, acylation of anisole and veratrole (1,2-dimethoxy benzene) leads to the synthesis of p-acetoanisole and acetoveratrole, precursors of a sun protector (Parsol) and of a component in an insecticide formulation (Verbutin) respectively [21, 22] . Moreover acetoveratrole is used for the synthesis of papaverine, an opium-alkaloid antispasmodic.
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In the mild reaction conditions under study, namely atmospheric pressure and low temperature (50 °C), anisole reacts with benzoic anhydride to give a mixture of 2-and 4-methoxybenzophenone (2-and 4-MPB) with a selectivity greater than 96% toward the desired product (4-MPB). On the contrary, the veratrole reaction leads only to 3,4-dimethoxy acetophenone as product (3,4-DAP). The only GC-detectable side reaction is the decomposition of benzoic and acetic anhydride with water to give benzoic acid and acetic acid respectively.
Preliminary experiments showed that the system works in a strictly kinetic regime.
Conversion and yields towards the desired products, after 3h of reaction, are reported in Table 1 . As expected, mere AZ and WO 3 samples are catalytically inactive in the acylation reactions. After 24 h of reactions conversion and yield for both the fresh catalysts and in both the reactions are substantially unchanged. On the other side, AZW sample exhibits in both reactions 7 the best catalytic performances with conversion and yield quite higher than that obtained with the XZW catalyst.
In Figure 1 it is reported the time effect on benzoic and acetic anhydrides conversions. It is interesting to note that for both the systems and both the investigated reactions the conversion increased continuously with time, despite a progressive decrease in the initial rates can be observed at long reaction times. This partial catalyst deactivation can be attributed to the adsorption of acylation products on the catalyst surface, which blocks the accessibility of the reactants to the active sites. This phenomenon is slightly more prominent for the xerogel sample.
To establish the relation between catalytic activity and active phase (W) the turnover frequencies (TOF, mol mol W -1 s -1 ) were determined ( Table 1) . As it can be seen, regardless of the substrate (anisole or veratrole), the aerogel sample is the most active. The experimental data explicitly show that the catalytic activity depends on the W surface density and that the highest activity corresponds to the lower coverage of W on the ZrO 2 support.
For comparison a -zeolite, which is the catalyst habitually used in these reactions, was investigated in the anisole reaction under the same experimental conditions. A conversion of 36% and a yield of 12% were obtained for this sample . If we compare the turnover frequencies of the -zeolite, calculated as a function of the framework molar fraction of aluminium, with that of the WZ systems, we observe that these last samples are definitely more active. Moreover , for the -zeolite a clear deactivation occurred, since it reaches a plateau already after the first 60
minutes. This deactivation, more prominent than in the WZ samples, can be attributed to the strong adsorption of the acylation product on the catalytic surface. Such strong adsorption is favoured by the microporous channel of the zeolite. In any case, the obtained results show the catalytic ability of both the WZ investigated catalysts.
In an attempt to explain the differences in the catalytic behaviour, the catalysts were characterized by different techniques. It's well-known that the catalytic activity in both acetylation and benzoylation reactions can be owed to (i) the presence of Brønsted acid sites and
(ii) on the extent of Brønsted-to-Lewis sites ratio [24, 25] . For these reasons, FTIR spectroscopy measurements have been resorted to in order to evaluate the acidic features of the samples. All systems were inspected in a medium-high dehydration stage, and the total acidity (Brønsted and Lewis) was tested by the adsorption/desorption of 2,6-DMP in the RT-150 °C temperature range. In the spectra of both aerogel and xerogel samples ( Figure 2 ) several components, among which two signals relative to physisorbed and H-bonded 2,6-DMP species (~1580 and ~1590 cm -1 , respectively), are present [26, 27] . Moreover, two bands located at  1644 and 1627 cm -1 are observed: these signals are ascribable to the 8a-8b modes of 2,6-dimethylpiridinium ions, that are generated by the interaction of 2,6-DMP with Brønsted acid sites present on the catalysts surface [26, 27] .
Inspecting in details the curves concerning the contact with the base excess (see the highlighted of spectra evidenced by the dotted line in Figure 2 ), a shoulder at  1602-1604 cm -1 can be observed. This aspect is more evident by evacuation of adsorbed 2,6-DMP at RT, as better resolved (though weak) signals remain at  1604-1606 cm -1 (see the highlighted spectra evidenced by the dotted line in Figure1) and, after evacuation at 150°C, these bands totally disappear. The above mentioned spectral components can be ascribed to the strongest fraction of Lewis-bound 2,6-DMP species interacting with Zr 4+ cations [27] . All these experimental data indicate the presence of both types of acidity (Brønsted and Lewis) in both the investigated samples without significant differences in strength. Therefore, the different behaviour in the acylation reactions cannot be ascribable to surface acidity as such, but it is likely to be correlated with other physico-chemical properties of the catalysts.
So, with the aim of explaining the catalytic performances, a further detailed characterization of the catalysts was performed, taking into account both their textural and red-ox properties.
In Figure 3 the N 2 adsorption-desorption isotherms and the pore size distributions obtained using the BJH method applied to the isotherm adsorption branch, are shown. All corresponding values are reported in Table 2 . The isotherms are similar in shape and both the samples exhibit a type IV isotherm, as expected for a mesoporous system. Still, the amount of N 2 adsorbed in the case of aerogel is noticeably higher and the capillary condensation is slightly shifted to larger p/p 0 values. The corresponding pore size distributions are unimodal, but the curve of the aerogel sample is broader and shifted toward higher pore diameter values. Data reported in Table 2 show that the BET surface area of both ZrO 2 /WO 3 catalysts is larger than that of the AZ sample. This result is in agreement with previous studies [28] showing that the presence of a dopant agent reduces the crystal growth of ZrO 2 inhibiting the sintering, with a consequent increase of the surface area. This phenomenon is particularly evident for the aerogel catalyst (AZW), which shows the highest value of surface area. In fact, the removal of a solvent above its critical point occurs with no capillary pressure because there are no liquid-vapor interfaces. Thus in the aerogel formation there is a greatly reduced driving force for shrinkage (very marked in the case of xerogel system) that leads to more porous primary particles that are more stable during the thermal treatment at 800 °C. This results in a low density final material with higher surface area and a unique texture of the porous network. Moreover, it is important to highlight that the surface area of the AZW sample (94 m 2 /g) is much higher than that obtained for a ZrO 2 -WO 3 system with the same WO 3 content but synthesized by a wet impregnation method (54 m 2 /g) [15, 29] .
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The TPR profiles of the XZW and AZW samples are reported in Figure 4 . According to literature data [30] Figure) does not show any detectable TPR peak, therefore the signals of the mixed oxides can be ascribable only to the WO x reduction. The TPR profile of XZW sample shows two peaks at 550 °C and 897 °C respectively, while for AZW catalysts a shoulder at 820 °C and a main band at 920 °C were detected. For both samples the third reduction band is undetectable in the investigated temperature range. It is possible to observe that, in agreement with previous studies [31, 32] , the H 2 consumption band shifts toward lower temperature increasing the tungsten surface density (N at /nm 2 : 3.4 for AZW sample; 6.7 for XZW catalyst). As reported by Martinez et al. [32] the large and more interconnetted WO x clusters formed at increasing tungsten surface density are easier to reduce than smaller and more isolated one prevailing at low surface densities [33] .
The presence of different tungstates species on the catalyst surface as results of the difference W/Zr surface density was confirmed by XPS analyses (the surface elemental composition are reported in Table 3 ). In fact the W(4f) region of the XPS spectra for the xerogel sample (XZW)
can be resolved by two doublets with the W(4f7/2) components at 35.8 and 34.7 eV, that can be assigned to W 6+ and W 5+ species respectively (W 6+ species > W 5+ species) [34] . The XPS profile of the aerogel system (AZW) presents, on the contrary, only a doublet with the W(4f7/2) component located at 35.4 eV ascribable to W 6+ . In the case of the AZW sample, all the W surface atoms are in the highest oxidation state in the form of crystalline WO 3 . On the contrary, in the XZW sample the W atoms are partially reduced and arranged as WOx nanoclusters dispersed on the zirconia surface [35] .
The nature of the tungstate species present on the catalysts surface were revealed also by FTIR analyses. The spectra, collected at RT and after activation at 400 °C, are reported in Figure   5 . For both AZW and XZW systems a band at ~1000 cm -1 can be observed: it can be assigned to the symmetrical stretching vibration of W=O bonds of octahedrically coordinated species present at the ZrO 2 surface [36] . This band is located at higher frequencies after activation at 400 °C and this shift in its spectral position can be attributed to an increase in the strength of interaction between tungsten and zirconia, most likely due to the dehydration effect connected to the thermal treatment.
As expected, the synthetic method and in particular the way of solvent extraction, results in relevant differences in the physico-chemical properties of the final materials, i.e. surface area, pore organisation, metal reducibility, W/Zr surface density and metal interaction.
All these differences can explain the catalytic results. In fact, the best performance exhibited by the aerogel system can be ascribed mainly to the presence of the highest number of active sites on its surface. Brønsted acid sites are formed in the most exposed or well dispersed W 6+ atoms [37] , and consequently it is possible to assume the existence of a higher Brønsted acid density for the aerogel sample, where all the W surface atoms are in the highest oxidation state.
As a consequence, despite in both the investigated systems the nature and the strength of the acid sites is the same, as demonstrate by FTIR analyses, the aerogel samples possess a higher number of active Brønsted catalytic sites that are responsible of its highest activity in the acylation reactions.
Investigation on the recycling test
With the purpose of recycling the samples, the exhausted catalysts were recovered and reused for three runs. As previously discussed [38, 39] , the catalysts deactivation in these reactions is likely due to the presence of organic species adsorbed on the surface (indicated by the brown colour assumed by the exhausted catalysts), which are difficult to remove by simply washing with solvents [40, 41] . Therefore, for all these catalytic systems a regeneration step by thermal treatment in air is required.
After 3h of reaction, the catalysts were filtered from the slurry, washed either with anisole or veratrole, dried at 110 °C overnight and regenerated by thermal treatment in air at 450 °C for 90 min. Also the -zeolite was recovered and regenerated but already in the first reuse it is turned out to be completely inactive. This result was in part expected: the limited thermal stability of the zeolites prevents regeneration by high temperature treatments that could involve the collapse of the crystal lattice. Moreover, the same recovery of the zeolite by filtration is made difficult by the extremely dusty consistency of the same which involves a substantial loss of the initial loaded catalyst.
The results of the recycling tests for the WZ samples are reported in Figure 8 . It is possible to observe interesting differences in the behaviour of the two samples. In the case of AZW system the catalytic activity was restored almost completely after calcination. On the contrary, a considerable decrease in yield was observed yet in the first reuse for XZW catalyst.
In order to study the oxidation profile and the carbonaceous species deposited on the different catalysts, TPO-MS experiments were carried out on the exhausted catalysts. The analysis 11 conditions were very similar to those of the calcination treatment. For all the systems the main product obtained by the oxidation process was CO 2 (m/z=44) generated during the combustion of carbonaceous species. As shown in Figure 6 , after the anisole reaction the AZW sample shows an oxidation peak starting at ~ 350 °C with a maximum at 447 °C. On the contrary, for what concerns the XZW catalyst, the CO 2 evolution starts at higher temperatures (~ 400 °C). The latter result is probably ascribable to the morphological features of the system, and, in particular, to its pore organization. In fact, the presence of a significant fraction of relatively small pores can favour their faster obstruction and the consequent deposition on the oxide surface of a consistent fraction of organic species [42, 43] . Moreover, the fraction of carbonaceous species accumulated inside the smaller pores makes difficult the complete cleaning of the catalyst surface.
These hypotheses are supported by the surface elemental composition obtained by XPS analyses. The fraction of carbon on the aerogel surface is almost the same for the fresh and the exhausted sample. On the contrary, an increase (from 25 to 28%) of surface carbon was detected in the used xerogel catalyst.
The supercritical extraction plays a central role in the recycling step, allowing the complete restoration of the catalytic activity of the aerogel sample by calcination at 450 °C, even after three catalytic runs. This is a very promising result and represents a concrete advantage in the use of the aerogel WO 3 -ZrO 2 systems in comparison to other thermal labile catalysts.
Conclusions
WO 3 /ZrO 2 catalysts were synthesized using a reliable sol-gel method. All samples were found to be active in acylation reaction of veratrole and anisole with good conversions and yields despite the mild reaction conditions. The synthetic parameters and, in particular, the solvent extraction step causes some important variations in the physico-chemical features of the investigated systems and in their catalytic activity. The best performance was achieved by the aerogel sample obtained by the supercritical extraction of the solvent that prevents the collapse of the porous network of the wet gel and it allows to obtain expanded structure with unusual porous texture. These more porous primary particles are more stable during high temperature calcination treatment and lead to final materials with higher surface area, different pore organisation and optimal surface density of W/Zr. The supercritical extraction plays a central role especially in the recycling, allowing the complete restoration of the catalytic activity, by a proper calcination, even after three runs.
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